Abstract Adsorption equilibria and kinetics are two sets of properties crucial to the design and simulation of adsorption based gas separation processes. The adsorption equilibria and kinetics of N 2 and CH 4 on commercial activated carbon Norit RB3, zeolite 13X, zeolite 4A and molecular sieving carbon MSC-3K 172 were studied experimentally at temperatures of (273 and 303) K in the pressure range of (5-120) kPa. These measurements were in part motivated by the lack of consistent adsorption kinetic data available in the literature for these systems, which forces the use of empirical estimates with large uncertainties in process designs. The adsorption measurements were carried out on a commercial volumetric apparatus. To obtain reliable kinetic data, the apparatus was operated in its rate of adsorption mode with calibration experiments conducted using helium to correct for the impact of gas expansion on the observed uptake dynamics. Analysis of the corrected rate of adsorption data for N 2 and CH 4 using the nonisothermal Fickian diffusion (FD) model was also found to be essential; the FD model was able to describe the dynamic uptake observed to better that 1% in all cases, while the more commonly applied isothermal linear driving force model was found to have a relative root mean square deviation of around 10%. The measured sorption kinetics had no dependence on gas pressure but their temperature dependence was consistent with an Arrhenius-type relation. The effective sorption rates extracted using the FD model were able to resolve inconsistencies in the literature for similar measurements.
Introduction
Adsorption based processes are well-established technologies for the separation of gas mixtures in, for example, the air separation industry (Sircar 1988) , the hydrogen production industry (Moon et al. 2014; Lee et al. 2007; Yang et al. 1997) , and the capture of carbon dioxide from flue gases (Xiao et al. 2011; Xiao et al. 2012; Hedin et al. 2013; Rufford et al. 2012; Samanta et al. 2011 ). In the past several decades, adsorption based processes for separating nitrogen and methane have attracted significant attention in areas such as natural gas production (Rufford et al. 2012; Saleman et al. 2015) , landfill gas upgrading (Mulgundmath et al. 2012; Spoorthi et al. 2011) , coalbed methane enrichment (Olajossy 2013) , and coal mine methane/ventilation air methane purification (Bae et al. 2014 ).
In the design of an adsorption process for nitrogen and methane separation, estimates of the lengths of the saturation and mass transfer zones are crucial to specifying the height of the adsorption bed. Equilibria data for nitrogen and methane mixtures, which are often available either from literature reports or from direct measurements, are the foremost information required for such estimates. Information about the effective sorption kinetics is also essential to properly estimate the length of the mass transfer zone in the bed because, for many adsorption based applications, the mass transfer from gas phase to solid phase is limited by sorption kinetics. This mass transfer limitation arises from the fact that the diffusion of gases into the porous interior of the adsorbent is restricted and that the intrinsic adsorption rate is usually much faster than the diffusion rate (Do 2011) . The kinetics are especially important when the adsorbents do not possess high equilibrium selectivity for the mixture components because for such scenarios the mass transfer fronts for different adsorbates could be very close to each other. Adsorption kinetics are even more vital to the design of pressure swing adsorption (PSA) separations for nitrogen and methane mixtures that exploit differences in their sorption rates, and are crucial parameters in the development of accurate and reliable simulations of industrial PSA processes intended to separate N 2 and CH 4 . However, kinetic parameters must often be estimated empirically for such applications since the relevant data in the literature are limited and inconsistent, even for commercial adsorbents. This is partly because of the difficultly associated with accurate measurements of adsorption kinetics (Rynders et al. 1997) .
In principle, adsorption kinetics can be measured experimentally using a variety of techniques, for example, by monitoring the time-dependence of volumetric or gravimetric sorption capacity (Yang et al. 2014; Ju et al. 2015) , by the combined pressure-swing and volume-swing frequency response technique (Giesy et al. 2012; , using a dynamic column breakthrough apparatus , and via zero length column (ZLC) experiments (Silva et al. 2012; Friedrich et al. 2015) . However, the results of kinetic measurements made by different groups and/or with different techniques tend to have large deviations. A survey of the literature (Fig. 1 ) revealed that the reported effective sorption rates for N 2 and CH 4 on commercial adsorbents similar to those measured in this work have large variations, ranging in some cases over two orders of magnitude.
One possible reason for the large deviations present in the literature data is that kinetic measurements are often analysed under the assumption of a constant temperature throughout the adsorbent, usually on the basis that the sample mass is small (B1g). However, the adsorption rate observed in such measurements is generally non-isothermal because heat is evolved during the process and cannot be removed instantaneously due to heat transfer limitations. Temperature rises due to sorption can impact the apparent kinetics in different ways, such as increasing gas diffusivities while decreasing equilibrium capacities (Ruthven et al. 1980) . The non-isothermal effects associated with these adsorption kinetic measurements are often erroneously overlooked by extracting adsorption kinetics from the experimental data using the isothermal linear driving force (LDF) model Guan et al. 2011; Zhang et al. 2010) , which is widely implemented in simulations of adsorption processes. In particular, for volumetric sorption kinetics measurements the delay in signal response caused by the effects of valves or gas diffusion resistance were often ignored although several workers in the past have aimed to account for the dynamics of sorption uptake in volumetric experiments (Hu et al. 2014; Kocirik et al. 1984) .
In this work, the adsorption equilibria and kinetics of methane and nitrogen on four commercial adsorbents (Norit RB3, zeolite 13X, molecular sieve MSC-3K 172 and zeolite 4A) were measured to assess these adsorbents for potential applications in the separation of methane and nitrogen. The sample size (mass) of each adsorbent used was carefully chosen to give sufficient signal to noise ratio after it was confirmed that any variations in heat and mass transfer resistance due to changes in sample size were negligible. The kinetics were obtained from rate of adsorption (ROA) measurements made using the volumetric method at two temperatures of 273 and 303 K with gas pressures up to 120 kPa. Two important steps were applied to the analysis of the dynamic uptake data to extract reliable values of the effective sorption rate (D/r 2 ) for methane and nitrogen on each adsorbent: calibration of the effects at short time scales due to gas expansion using helium, and regression of a non-isothermal kinetic model to the measured data. The impact of adsorption heat on the apparent kinetics was evaluated by comparing the results of isothermal and non-isothermal kinetic models. The effect of temperature on the adsorption kinetics was also studied and compared to an Arrhenius-type correlation. (Ju et al. 2015; Rufford et al. 2013; Sheikh et al. 1996; Malek and Farooq 1997) , zeolite 13X (Park et al. 2016; Dantas et al. 2011; Delgado et al. 2014) , carbon molecular sieve (CMS) (Yang et al. 2014; Bae and Lee 2005) and zeolite 4A (Ahn et al. 2002; Mohr et al. 1999; Haq and Ruthven 1986) 2 Experimental section
Materials and methods
The Norit RB3 extrude pellet used in this work is the same activated charcoal studied by Rufford et al. (2013) , supplied by IMCD Australia Ltd. Zeolite 13X APG extrude pellet was supplied by Shanghai MLC Molecular Sieve Co., Ltd. The Linde zeolite 4A extrude pellet was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). The granular molecular sieving carbon MSC-3K 172 was obtained from Japan EnviroChemicals, Ltd. (Osaka, Japan). The properties of these adsorbents relevant to the ROA measurements are summarised in Table 1 ; other properties for these materials can be found elsewhere Jensen et al. 2011) . The sample mass to be used in these experiments was determined by first conducting ROA measurements for N 2 on zeolite 4A at 283 K. Two sample masses of 0.7704 and 0.3694 g were tested for the measurements, and the uptake data for these two masses are presented in the supporting information (SI Fig. 1 ). It is clear from the figure that the signal-to-noise for each of these two masses is much larger than for the other results presented in this work. One reason for these noisy data is the low overall N 2 adsorption that occurs for that amount of sample at 283 K, which is comparable to the measurement's uncertainty. Thus, for measurements at 303 K, one would expect the signals to be even noisier than those measured at 283 K if the same amount of adsorbent were used, since the adsorption capacity at 303 K is lower than that at 283 K. We then used 1 g of zeolite 4A for the N 2 ROA measurement at 303 K and it was found this was an appropriate sample size for ROA measurements. Accordingly, we used about 1 g of zeolite 4A for all our measurements and used a similar mass for all other adsorbents for the sake of comparison on an equivalent basis. All gases used for analysis were of high purity supplied by Coregas Australia, with the following specified molar purities: CH 4 : 99.995%; N 2 : 99.999% and He: 99.995%.
Equilibrium adsorption capacity (on a pellet mass basis) and adsorption rates of CH 4 and N 2 on four adsorbents were measured at two temperatures (273 and 303) K using a volumetric adsorption measurement system, the Micromeritics ASAP 2020, in ROA mode. Prior to these measurements, each of the adsorbents was degassed under vacuum (1 Pa) in a sample tube for 12 h at the recommended temperatures for the given adsorbents: 473 K for Norit RB3 and MSC-3K 172, 623 K for zeolite 13X and zeolite 4A (Xiao et al. 2012; Rufford et al. 2013; Jensen et al. 2011; Jee et al. 2005) . After degassing, the sample tube was backfilled with helium and transferred to the analysis port for measurement of the adsorption amount and rate of pure gases. The measurements were then carried out from low pressure (5 kPa) to high pressure (120 kPa) incrementally to ensure that upon a pressure step change the driving force of adsorption was sufficiently small to be considered linear as assumed by the Fickian diffusion (FD) model (Kocirik et al. 1984; Lee and Ruthven 1979) . In the ROA mode of the ASAP2020, the pressure in the sample tube was automatically monitored and recorded by the data acquisition software on the instrument once a certain amount of gas was dosed. The pressure change in the sample tube was then converted to a molar amount of gas adsorbed per unit mass of the adsorbent using the reference equation of state for the respective pure gases (Span et al. 1998; Setzmann and Wagner 1991) . In this work, the pressure change in the sample tube was recorded every 0.4 s immediately following the introduction of a gas dose (0.223 mmol gas per gram of adsorbent). The 0.4 s data acquisition period, which limits the fastest sorption rate that can be measured with the apparatus, is the smallest meaningful time interval that can be studied with the instrument even though the operating software allows a 0.1 s interval to be specified, because the data acquisition system on the ASAP 2020 executes a 400 ms averaging of the analogue pressure transducer signals. For all the ROA measurements, 1000 pressure data points (the maximum number allowable by the data acquisition software) were recorded following the introduction of the gas dose. Representative uptake curves of three consecutive equilibrium pressure points for ''slow'' and ''fast'' cases are shown in Fig. 2 . For systems with slow adsorption, the ROA over a pressure step was monitored for only the first 400 s (0.4 s 9 1000) and then the uptake rate on the adsorbent was no longer recorded while the system was allowed to proceed towards equilibrium. Once the equilibrium criterion (a pressure change of less than 0.01% in a time interval of 30 s) was satisfied, the measurement of the next pressure point was automatically initiated. For systems with faster adsorption where equilibrium could be obtained within 400 s, all of the uptake data of gas on the adsorbent were recorded.
Calibration with helium
To properly analyse the data acquired during the ROA measurements, blank experiments with helium were carried out for each of the adsorbents with exactly the same run files as for CH 4 and N 2 at the same temperatures. This enabled measurement of the pressure in the sample tube following the opening of the dose valve due to the gas expansion and in the absence of any adsorption [assuming the adsorption of helium on the adsorbents was negligible ]. The blank experiments were particularly important for two reasons: first, the very first pressure data point recorded for each ROA measurement by the ASAP 2020 data acquisition system actually corresponded to the pressure in the reference volume (solid red line in Fig. 3 ) before valve 12 (Fig. 3 ) was opened to introduce gas into the sample tube and was not representative of the actual pressure in the sample tube. Second, for most measurements of gas adsorption kinetics based on the volumetric technique it is important to account for the time required for gas to flow and expand into the sample tube. Determining the correct initial pressure in the sample tube is critical because it sensitively affects a key parameter (a*) in the non-isothermal dynamic model to which the dynamic pressure data are regressed, as discussed further in Sect. 3.
Models for adsorption kinetics
The LDF and FD equations are two kinetic models commonly used to extract adsorption kinetics information from experimentally measured ROA data (Ju et al. 2015; Park et al. 2016; Sircar and Hufton 2000; Shafeeyan et al. 2014) .
Commonly, the LDF model is used instead of the FD model to represent adsorption kinetics within adsorption process simulations even though LDF predictions often show larger deviations from experimentally measured kinetic data than those made with FD models. This results from the fact that in adsorption process simulations, the LDF model allows elimination of the integration step at the particle level which is required for the FD model and, thus, use of the LDF model significantly reduces computational time (Sircar and Hufton 2000) . However, the widespread availability of high performance computers nowadays may enable the use of more accurate FD models to simulate cyclic adsorption processes even though they are more computationally intensive. The LDF model was initially developed by Glueckauf and Coates (Glueckauf and Coates 1947) for interpreting the incomplete equilibrium of the front boundary in adsorption chromatography under isothermal conditions, and it has since been adopted for describing adsorption kinetics as summarised by Sircar and Hufton (Sircar and Hufton 2000) . The general form of the LDF model for a single adsorbate is given by:
Here m t is the molar adsorbed amount of adsorbate on the adsorbent particle at time t, and m ? is the equilibrium adsorbed amount of adsorbate at the gas phase pressure P and the adsorbent temperature T. The k is the effective LDF mass transfer coefficient for the equilibrium adsorbed amount of m ? . The analytical solution of the LDF model (Sircar and Hufton 2000) is used for the regression of data obtained via constant volume-variable pressure experiments when the adsorption process can be assumed an isothermal process:
Here m 0 is the equilibrium adsorbed amount on the adsorbent at the start of a pressure step, a* is dimensionless and related to the ratio of the amount gas adsorbed during the pressure step to the amount of gas introduced to the system at time zero of the pressure step as indicated in Eq. 3, P 0? is the gas phase pressure immediately after opening the dosing valve, P ? is the final equilibrium pressure for a pressure step, P 0-is the gas phase pressure before opening the dosing valve. The mass transfer Fig. 2 Examples of ROA measurements for CH 4 on Norit RB3 (fast) and zeolite 4A (slow) for three consecutive pressure steps at 303 K. The solid curves correspond to ROA measurements, while the dashed curve indicates the pressure evolution that occurred prior to the attainment of equilibrium (Color figure online) coefficient k can be correlated with the sorption rate D/r 2 using the commonly recommended relation k ¼ 15D=r 2 for adsorption process design (Ruthven 1984 ).
The FD model describes the mass transfer between the gas and adsorbed phases using Fick's law of diffusion in terms of the sorption rate (D/r 2 ) for a gas on given adsorbents. For a constant volume system, and under the assumptions (1) that the gas diffusivity is independent of the amount of adsorbed phase, and (2) the uptake is isothermal, the analytical solution to the dynamic mass balance equation is given as follows (Kocirik et al. 1984 ):
where
Here q n is the root of transcendental equation (Eq. 5). Equation 4 is strictly limited to the analysis of isothermal uptake data for cases where the heat resulting from the adsorption can be considered as being instantaneously dissipated to the environment. To account for situations where the heat released by adsorption cannot be dissipated fast enough to achieve an isothermal condition, the nonisothermal kinetic model developed by Kocirik et al. (1984) can be used. This model was obtained for non-isothermal, constant-volume but variable-pressure conditions, by deriving an analytical solution to the simultaneous mass and heat transport equations. The main assumptions for this model are that the adsorption rate was controlled by intracrystalline gas diffusion and heat (arising from heat of adsorption) transfer from the adsorbent surface to the surrounding environment. The analytical solution is as follows:
Here q n is given by the roots of the following equation:
with:
and with the additional parameters defined as follows:
Here h is the overall heat transfer coefficient between the external surface of the adsorbent and its surroundings, a is the external surface area per unit volume of the adsorbent, q s is the adsorbent density, c s is the heat capacity of the adsorbent at constant pressure, and DH is heat of adsorption.
Both the isothermal LDF model (Eq. 2) and nonisothermal FD model (Eq. 6) were regressed to the experimental uptake curves by adjusting the parameter D/r 2 in the LDF model and by adjusting the parameters a, b and D/ r 2 in the non-isothermal FD to minimise the root mean squared deviation (RMSD) between the dynamic uptake data and the model according to Eq. 13.
where N is the number of experimental data points. Since (1 -m t /m ? ) is normalised and dimensionless, the RMSD Fig. 3 Schematic of the volumetric adsorption system: red solid line represents the apparatus' reference volume, used to calculate the amount of gas dosed into the sample volume below V12. The four pressure transducers could also be isolated (valves not shown) from the manifold whenever the pressure exceeded their full scale (Color figure online) should have a value between 0 (indicating a perfect fit) and 1 (indicating a very poor fit).
4 Results and discussion 4.1 Adsorption equilibria Figure 4 shows the measured pure component adsorption isotherms for CH 4 and N 2 on the four adsorbents, and Table 2 lists the data measured for these isotherms, together with their combined standard uncertainties which were calculated according to uncertainty propagation formula shown in Eq. 14 (Taylor and Kuyatt 1994) . Assuming that the input quantities are not correlated, the combined standard uncertainty in the adsorption capacity for the present measurements can be calculated as where u(x) denotes the standard uncertainty of a quantity x and V is sample tube volume. The uncertainty in the sample mass was estimated from the balance resolution, the uncertainty of the pressure was taken to be 0.15% of the equilibrium reading, and the uncertainty of the temperature was set by the stability of the liquid bath. The uncertainty in the volume was estimated from the standard deviation in the free gas volume (&20 mL) determined automatically by the apparatus corresponding to each equilibrium pressure measurement. Numerical values of these component uncertainties are listed in Table 2 . Figure 4 clearly shows that all of these adsorbents have higher CH 4 capacities than N 2 capacities at the same temperature and pressure. At 303 K, MSC-3K 172 and Norit RB3 exhibited a similar adsorption capacity for methane, which is about 40% higher than the corresponding methane capacities observed for zeolite 4A and zeolite 13X at around 100 kPa. The nitrogen adsorption capacity for MSC-3K 172, Norit RB3, zeolite 4A and zeolite 13X were essentially identical at 303 K. At 273 K, both MSC-3K 172 and Norit RB3 displayed slightly higher (*20%) capacities for methane than those for the other adsorbents at pressures up to 40 kPa. The nitrogen adsorption capacity for MSC-3K 172, zeolite 4A and zeolite 13X were essentially identical at 273 K, and about 30% higher than that for Norit RB3.
Kinetic measurement calibration
To accurately measure sorption kinetics using a volumetric system, the time delay in recorded data caused by the effects of the valve and the sensors' response needs to be accounted for when processing the uptake data. In the work of Hu et al. (2014) , for example, the initial 5 s of pressure data were discarded by the authors presumably because, as we found, the dynamics of the early transient is not captured correctly by existing models. The objective of this work is to explicitly account for those very early dynamics through the use of a helium blank run at the corresponding pressures where measurements with CH 4 and N 2 (which both adsorb but also experience similar transient dynamics) were acquired. Helium was used to calibrate the effects of gas expansion upon dosing for all the kinetic measurements conducted in this work to enable correction of the initial condition (time origin and pressure) for the subsequent analysis of the dynamic uptake. Figure 5 shows an example of why the helium calibration was necessary to obtain accurate sorption kinetics from the raw pressure readings acquired with the apparatus, through the comparison of ROA data obtained for helium and methane on Norit RB3 at 80 kPa and 273 K. At 273 K, the methane pressure dropped quickly from 86.74 kPa at t = 0 to 80.63 kPa at t = 0.8 s, with the final equilibrium pressure being 80.08 kPa. These raw pressure data superficially indicate that 92% of the sorption capacity at 273 K was reached within 0.8 s of gas dosage, which could be interpreted erroneously as extremely fast sorption kinetics if these raw data were used. However, comparison of these raw pressure data for methane with those obtained during the corresponding helium calibration experiment shows that those initial rapid pressure changes were more likely caused by gas expansion rather than adsorption given that the experiment with helium also exhibited a similar rapid pressure drop within the first 0.8 s, with a negligible pressure decrease thereafter. Clearly then, the pressure drop occurring in the first 0.8 s is dominated by gas expansion, and the condition from which the initial time and pressure datum should be taken for the analysis of sorption kinetics is t = 0.8 s and p & 80.63 kPa. To capture a more precise estimate of the initial pressure, which accounts for any possible methane adsorption that did occur during the first 0.8 s, the pressure ratio obtained for helium between t = 0.8 s and t = 0 s can be applied to the methane pressure recorded at t = 0 s. Across all the experiments conducted, the time scale of the gas expansion effect as measured with helium ranged from 0.8 to 5.6 s, and it was found to be important to perform helium calibration runs for each adsorbent.
Sorption rate determination from dynamic uptake with kinetic models
The objective of this paper is to demonstrate a new robust method of extracting effective reliable sorption kinetic data for materials that may be used in industrial adsorption process design. Accordingly, we do not discuss extensively the mechanisms governing the observed uptake rates, in part because it is well known that the controlling mechanism for nitrogen and methane diffusion in Norit RB3 and zeolite 13X is macropore diffusion Park et al. 2016; Hu et al. 2014) and that for zeolite 4A and molecular sieve carbon it is micropore diffusion (Yang et al. 2014; Ahn et al. 2002) . Figure 6 shows pairs of representative CH 4 and N 2 uptake data obtained at 273 K and about 100 kPa for Norit RB3, zeolite 13X, MSC 3 K-172 and zeolite 4A. For both gases, the non-isothermal FD models resulting from the regression to the CH 4 and N 2 uptake data are presented along with the experimental data. Additionally, the results of the isothermal LDF model regression to the CH 4 data are shown.
The LDF model is the most widely-used correlation for representing gas adsorption kinetics in adsorption process simulations. Therefore, fits of this model to the gas uptake data were tested for each of the adsorbents. However, the LDF fit had particularly large deviations from the experimental data for Norit RB3 (RMSD = 12.26%) and zeolite 13X (RMSD = 7.44%) measured in this study. The LDF model tends to predict an overall faster approach to equilibrium for these large pore sized adsorbents but a slower adsorption rate at the initial stage of the adsorption. The deviations of the LDF model from the experimental data can be explained by the fact that in the experiments, the approach to adsorption equilibrium was initially accelerated by faster gas diffusion due to the temperature rise associated with heat-transfer limitations, before the reduction in the adsorbent's equilibrium capacity adversely affected the sorption driving force (Lee and Ruthven 1979) . The isothermal LDF model cannot capture such heat related effects, and instead assumes that the ROA depends solely on the initial driving force for adsorption. The deviations of the LDF model from the experimental data for MSC-3K 172 (RMSD = 1.27%) and zeolite 4A (RMSD = 2.6%) are smaller compared to those for the other two adsorbents, which can be attributed to the small micropores within MSC-3K 172 and zeolite 4A, which slow gas diffusion therein. This enables the heat of adsorption to be dissipated to the environment relatively rapidly in comparison with the time scale for sorption, thereby maintaining the system at near constant temperature.
When the non-isothermal FD model was used to regress the experimental uptake data, the respective RMSDs were much smaller than that for LDF model: 0.91% for Norit RB3, 0.82% for zeolite 13X, 0.95% for MSC-3K 172 and 0.96% for zeolite 4A. The effective sorption rates obtained with the LDF model were 10-20 times smaller than those obtained with the FD model for Norit RB3 and zeolite 13X, and differed by about a factor of two for MSC-3K 172 and zeolite 4A. Clearly, the non-isothermal FD model provided a much better description of the experimental uptake curves on all four adsorbents than the LDF model and for this reason we exclusively used the FD model in all subsequent analysis. Figure 7 shows the effective sorption rate of CH 4 and N 2 on Norit RB3, zeolite 13X, zeolite 4A and MSC-3K 172 as a function of pressure at 303 K and 273 K. The effective sorption rates for CH 4 are of the same order of magnitude for adsorbents Norit RB3 and zeolite 13X, which are approximately 10 3 times faster than that of CH 4 in zeolite 4A and 10 4 times faster than that of CH 4 in MSC-3K 172. The effective sorption rates for N 2 are also of the same order of magnitude for adsorbents Norit RB3 and zeolite 13X, which are approximately 10 2 times faster than that of N 2 in zeolite 4A and 10 3 times faster than that of N 2 in MSC-3K 172. The effective sorption rate showed only a weak dependence on pressure, which is consistent with the assumption of the FD model that the sorption rates are independent of loading of adsorbed phase on the adsorbents (Kocirik et al. 1984) in the range of pressures studied in this work.
Kinetic adsorption results
Values of the effective sorption rate for Norit RB3 are listed in Table 3 , ranging from (0.13 to 0.15) s -1 for CH 4 and being no smaller than 0.16 s -1 for N 2 at 273 K. At 303 K they ranged from (0.31 to 0.35) s -1 for CH 4 but the rate of N 2 adsorption was too fast (more than 90% of adsorption capacity over the pressure step was achieved within 1 s) to obtain meaningful values given the limited temporal resolution of the apparatus. To the best of our knowledge, there has been only one work reporting the kinetics of CH 4 and N 2 on activated carbon Norit RB3 by Rufford et al. . They used an isothermal LDF model to extract mass transfer coefficients for CH 4 and N 2 from breakthrough experiments conducted in a fixed bed column. However, even the largest effective sorption rate derived from their reported mass transfer coefficients are about 100 times smaller than our results.
We suspect that the apparent sorption rates extracted from the measurements of Rufford et al. (2013) were significantly afflicted by heat transfer limitations in the fixed bed, and we have since updated our approach to such DCB sorption rate measurements (Saleman 2016, submitted) . Meanwhile, our results are similar to that of a work by Malek and Farooq (1997) for CH 4 on an activated carbon.
Their measurements were performed at temperatures from (299 to 338) K and pressures in the range of (199-651) kPa with dynamic breakthrough experiments using dilute CH 4 mixtures. The effective sorption rate reported by them for these conditions ranged from (0.41 to 0.66) s -1 . In addition, our measurements are consistent with effective sorption rates obtained from N 2 ? CH 4 breakthrough experiments conducted on a Maxsorb activated carbon at 300 K and 1 atm by Sheikh et al. (Sheikh et al. 1996) (0.197 s -1 for CH 4 and 0.55 s -1 for N 2 ). More recently, Ju et al. (2015) reported the kinetics of pure CH 4 and N 2 on cylindrical activated carbon granules with effective sorption rate of (0.06 to 0.08) s -1 for CH 4 in the pressure range of (25-78) kPa and (0.06-0.08) s -1 for N 2 in the pressure range of (20-90) kPa at 308 K. These values for methane are about 30-50 times smaller than our results at 303 K. However, we note that the dynamic uptake data shown graphically in reference Ju et al. (2015) for CH 4 on activated carbon are reasonably consistent with our dynamic uptake data. Figure 3 of reference Ju et al. (2015) suggests that 90% of the uptake occurred in about 20 s, which is even faster than our observations of 80% uptake within 20 s for CH 4 on activated carbon. As indicated above, systematically low estimates of the effective sorption rate can occur if the LDF model is used to analyse data with appreciable heating effects. However, Ju et al. (2015) stated they used the non-isothermal FD model to regress their (6), (7), (8), (9), (10), (11) and (12) data. Bulow (2015) has suggested alternative reasons for the apparently low sorption rates reported by Ju et al. (2015) , such as neglecting to deduct the overall response time of the apparatus or the delay caused by forcing the gas to pass through a 0.5 micron ceramic frit on top of the adsorbent. The effective sorption rates measured for CH 4 and N 2 on zeolite 13X are listed in Table 4 , and range from (0.11 to 0.29) and (0.13 to 0.43) s -1 , respectively. These are broadly consistent with kinetic results reported in the literature. Delgado et al. used pulse experiments to measure the effective sorption rate for CH 4 at 289 K and 324 K on a zeolite 13X with results ranging from (0.18 and 0.33) s -1 (Delgado et al. 2014) . Dantas et al. (2011) obtained N 2 mass transfer coefficients on a zeolite 13X using binary gas breakthrough experiments at 1 bar of pressure at various temperatures, and at about 303 K, the effective sorption rate reported for N 2 was 0.18 s -1 . However, Park et al. (2016) recently reported the kinetics of pure CH 4 and N 2 on spherical pelletised UOP zeolite 13X with effective rates of 0.05-0.07 s -1 for CH 4 and 0.01-0.08 s -1 for N 2 in the pressure range of 10-80 kPa and temperature range of (293-323) K. These values are about 3-20 times smaller than our results, which might be explained by the fact that Park et al. (2016) used the same apparatus and method as Ju et al. (2015) . The values of effective sorption rate for MSC-3K 172 are listed in Table 5 Yang et al. (2014) reported the kinetics of pure CH 4 and N 2 on carbon molecular sieve CMS-131510 with pellet diameters of (0.11 to 0.13) cm using a magnetic suspension microbalance. The effective sorption rates reported were (4.25 to 6.71) 9 10 -6 s -1 for CH 4 at 343 K and (1.44 to 2.56) 9 10 -4 s -1 for N 2 at 303 K in the pressure range of (0-100) kPa. In addition, measured the effective sorption rate for N 2 using a volume swing frequency response method at temperatures between (293 and 332) K on MSC-3K 172 with values ranging from (4.9 to 13.0) 9 10 -4 s -1 , which fall in the range of our results for N 2 .
The effective sorption rates measured for CH 4 and N 2 on zeolite 4A are listed in Table 6 , and at pressures from (20 to 120) kPa range from (1.30 to 1.48) 9 10 -4 s -1 for CH 4 and (1.11 to 1.15) 9 10 -3 s -1 for N 2 at 273 K, and from (2.68 to 3.12) 9 10 -4 s -1 for CH 4 and (2.96 to 3.16) 9 10 -3 s -1 for N 2 at 303 K. The values obtained in this work are similar to kinetic results reported for zeolite 4A in the work by Haq and Ruthven (1986) . They used the chromatographic method to study the diffusion of N 2 and CH 4 on zeolite 4A at various temperatures and obtained sorption rates of (2.95-11.5) 9 10 -3 s -1 for N 2 at temperatures from (298 to 363) K and (6.06 to 59.2) 9 10 -4 s -1 for CH 4 at temperatures from (323 to 473) Mohr et al. (1999) measured pure and binary gas adsorption kinetics of CH 4 and N 2 on zeolite 4A by the isotope exchange technique, and stated that the experiments were carried out isothermally. They used the isothermal FD model to extract the ''self-diffusivities'' of CH 4 and N 2 which are effectively the sorption kinetics as we used in this work. They measured the diffusion of pure N 2 and pure CH 4 at three temperatures and obtained sorption rates of 3.0 9 10 -3 s -1
for N 2 and 2.5 9 10 -4 s -1 for CH 4 at 273 K. They also measured binary N 2 /CH 4 diffusion at the same temperature and obtained values of (2.34-2.61) 9 10 -4 s -1 for CH 4 and (2.86-3.52) 9 10 -3 s -1 for N 2 . These measured sorption rates are reasonably consistent with our results considering the adsorbents were from different manufacturers. No obvious pressure dependence in the effective sorption rate was observed by Mohr et al. (1999) for either CH 4 or N 2 .
The temperature dependence of the effective sorption rate for the four adsorbents is shown in Fig. 8 with higher sorption rates observed at higher temperatures. The sorption rate of CH 4 for all the adsorbents showed a strong temperature dependence, as did the sorption rate of N 2 for the three adsorbents measured at both temperatures (zeolite 13X, zeolite 4A and MSC-3K 172). The activation energies of CH 4 and N 2 diffusion were estimated using an Arrhenius type equation (Ahn et al. 2002) , and were found to be (10-20) kJ mol -1 , which is comparable with the enthalpy of adsorption for these systems.
Conclusions
Equilibrium capacities and sorption kinetics for pure CH 4 and N 2 were measured for several widely-available adsorbents using a commercial volumetric system at pressures from (5 to 100) kPa and temperatures of (273 and 303) K. Literature values for the effective sorption rate, D/r 2 of both gases on these adsorbents varied in all cases by nearly an order of magnitude or more. Accurate measurements of the sorption rate in this work were found to require two key elements in the method and analysis of the dynamic uptake data. First, correction of the dynamic Fig. 8 Temperature dependence of effective sorption rate, a CH 4 , b N 2 uptake data for the effects of gas expansion by calibrating the system response with helium was important to the accurate determination of the initial condition. Second, use of the non-isothermal FD model was found to be essential for reliable analysis of the ROA data, even for the small sample masses studied here. For adsorbents with small heat-to-mass transfer ratios [i.e. small values of a as defined in Eq. (9)] such as activated carbon Norit RB3 and zeolite 13X, use of the isothermal LDF model results in apparent sorption rate values at least an order of magnitude too small. A small pressure dependence was observed only for the adsorbents MSC-3K 172 and zeolite 4A, with an increased (but still small) effective sorption rate observed at higher pressures. The sorption rates of both CH 4 and N 2 for all four adsorbents showed a clear temperature dependence with Arrhenius-type activation energies around (10-20) kJÁmol -1 . For the adsorbents studied here, Norit RB3 and zeolite 13X have such fast and similar kinetics that any separation of N 2 and CH 4 would rely on their equilibrium selectivity for CH 4 over N 2 . However, while zeolite 4A and MSC-3K 172 are also methane selective at equilibrium, their uptake of N 2 is sufficiently faster than that of CH 4 that they are kinetically selective for N 2 over CH 4 . In both cases the . However, both zeolite 4A and MSC-3K 172 are more readily available and lower in price than these specialised adsorbents, and might be engineered for N 2 removal from CH 4 rich gas streams using novel cycle designs such as dual reflux PSA (Saleman et al. 2015) .
